Commission recently published a White Paper (EC 2008 ) that demonstrates the 6 importance it also places on adaptation to climate change. 7 8 Typical assessments of climate change impacts do not incorporate adaptation, 9 producing overestimates of losses and implying that farmers will do nothing (or are 10 unable to do anything) to avoid the impacts, which is clearly not the case. Since farmers 11 are continually adapting to changing conditions, whether they are caused by political, 12 market, economic or social changes, a changing climate may simply be another pressure 13 to which they must adapt. Furthermore, the rate and extent of the changes in climate to 14 which UK agriculture must adapt are considerably less than for areas of the world where 15 the climate is currently marginal for food production (Schmidhuber & Tubiello 2007) . 16 Nevertheless, climate change may pose problems for UK agriculture associated with an 17 increase in occurrence of extreme weather events (such as droughts, heat waves and 18 floods, e.g. likely to expand in future, with increasing interest in biodiesel from oilseed rape to 11 replace fossil fuels (EC 2008) 1 . For food and biodiesel oilseed rape crops to have a low 12 carbon footprint, it is essential to grow them so as to minimise losses from disease, 13 through either breeding for disease resistance or use of effective fungicides (Mahmuti et 1 In 2008 the European Commission published a Directive on Energy, which includes a mandatory target of 10% of transport fuels to be replaced by biofuels by 2020 (following considerable debate, the Commission stipulated at the end of 2008 that 40 % of the 10 % target must come from sources that do not compete with food production). temperatures on oilseed rape growth, severity of this disease and yield using data 6 collected on 14 sites from England, Wales and Scotland. Four of these sites were 7 located in Scotland, another four were located across northern England and a further 8 four in southern England. The remaining two sites were in Wales, however these only 9
represented small areas of OSR grown and, as such, were combined with the southern 10 English data, to represent the south. They predicted that climate change will decrease 11 yields in southern England and Wales by up to 50% and that the range of the disease 12 will extend northwards to Scotland. However, this work did not take into account any 13 adaptive response by farmers. 14 15 Consequently the objective of this paper is to provide an applied example to 16 illustrate how adaptation to climate change may affect production and economic values, 17 compared to a 'do nothing' strategy. We apply a number of climate scenarios to 18 determine the potential changes in yield of oilseed rape in England and Scotland under 19 climate change, assuming no adaptation. These changes in yield are then adjusted to 20 account for a number of adaptation strategies and the economic consequences of these 21 impacts are calculated. 2   3   Table 1 presents a conceptual approach to understanding the adaptation 4 strategies available for an OSR farmer in the UK, together with their predicted effects 5 on input costs and yields. We consider as short-term adaptation strategies those that 6 will have impacts by the 2020s, and as long-term strategies those that will have impacts, 7 predominantly through technological development, by the 2050s. Many of the short-8 term adaptation strategies relate to autonomous adjustments in management or 9 behaviour by farmers. However, the long-term strategies, which require investment in 10 research and development, will require external funding, through public or private 11 sector investment. 12 13 We assume that some proactive approach to climate change will occur as a 18 rational response by farmers to decreasing yields. An initial adaptive response to 19 increases in disease severity will be to use a more effective fungicide regime at the 20 appropriate time for spraying, in autumn after the appearance of phoma leaf spots on the 21 new crop (Figure 1 these farmer-led adaptation practices will improve OSR yield from an average of 3 t/ha 2 to a theoretical optimum of 6.5 t/ha. However, this also requires further government 3 investment in applied research to improve productivity of the OSR crop and to 4 effectively transmit knowledge to change farming practices (Gladders et. al. 2006) . 5 6 Nevertheless, a number of other 'aversion' strategies are available to the farmer. 7
MATERIALS AND METHODS 1

Conceptual Approach
Strategies such as investment in crop insurance or reducing input costs to maintain farm 8 income will not avert yield loss in the medium term, as the severity of phoma stem 9 canker will increase over time. Butterworth et al. (2010) estimate that yields will 10 decrease by an average of 0.2 t/ha by the 2020s due to the climate change related 11 increase in disease severity, leading to a loss, at current prices, of £70 per ha (SAC 12 2009). In addition, the increased severity of disease will produce greater variability in 13 farm income and, since we assume these aversion strategies cannot directly negate the 14 losses in yield, the subsequent reductions in farm income will lead farmers to adopt 15 strategies to negate these effects. Another 'aversion' response would be for farmers to 16 remove the OSR crop from the crop rotation cycle. However, it is expected that the 17 impact of climate change will increase the severity of diseases of some other crops, 18 which reduces the options available to the farmer wishing to continue with crop 19 production. Another strategy will be to exit from farming itself. OSR production is 20 associated with a range of farm income types and some smaller farms are either merging 21 or being subsumed by larger enterprises to reduce costs. Given the possible increases in 22 disease severity this trend may increase. However, this is difficult to predict over such a 23 long time-scale. Consequently, if there is some structural change in future OSR 24 we assume that land area will remain fixed, with the caveat that our estimates should be 13 taken as lower-boundary estimates. 14 15 Long-term crop disease specific adaptations may need to focus on two areas. yield potential of 6.5 t/ha can be achieved using existing winter oilseed rape germplasm. 4
This yield potential can be achieved only by investing in genetic and agronomic 5 research to optimise productivity of the current OSR germplasm. We consider that 6 these objectives are achievable in the short term. However, this increase in yield to 7 achieve the potential of current germplasm will involve considerable directed public 8 investment and can be considered a high adaptation strategy for the 2020s. Spink et al. 9
(2009) also identify other genetic improvements and priorities for research to improve 10 yield to 9.2 t/ha. This is clearly a longer-term aim that requires effort to be directed 11 towards genetic improvement to produce more robust and higher yielding crops. 12
Consequently, we consider this estimate to be achievable by the 2050s. We use these 13 estimates to adjust those of Butterworth et al. For northern England, as with Scotland, the effect of disease on yield is negated 15 by other factors up to the 2020s; however, declines in yields are predicted after this 16
period. This also complicates the response to adaptation to climate change since, 17 outwardly, there is no specific climate related incentive to adapt to measures in the 18 short-term. The main incentive may possibly be related to a 'catch-up' effect 19 (Schimmelpfennig & Thirtle 1999) in which some of the strategies and technologies 20 adopted for southern English and Welsh farmers will also be adopted by northern 21
English farmers, effectively through knowledge transfer schemes. Hence, whilst the 22 incentive for adaptation is smaller for northern English farmers, the opportunities have 23 increased for uptake of these strategies. 24 25 However, there is no doubt that southern English and Welsh farmers will have to 26 adapt, since global warming will directly decrease their yields in the short-term. Table 2 is the benefit of adaptation 2 effects compared to present yields. Thus, for the sites in the worst affected region (the 3 south), yields could increase by around 30% above present day values for even the low 4 adaptation strategy. This is an achievable combination of present knowledge, practice 5 and directed production-specific information. Consequently, as hypothesised, if 6 decreasing yields force farmers to adopt best management practices they will benefit 7 from this strategy. 8 9 These improvements in yield may satisfy farmers and policy makers in the short-10 term, so that a high adaptation strategy may not have enough political impetus up to the 11 2020s, since it requires much more government funding to achieve these targets than 12 does a low adaptation strategy. Naturally, this also depends on future policies towards adaptation' strategy and indicate a decrease in English production of c. 23% by the 12 2050s, whereas for Scotland production increases by 14% above baseline levels. 13
Nevertheless, there are clear benefits from adaptation for both regions. For the 2020s, 14 the adaptation benefits range from a 2% increase in production for Scotland for the low 15 adaptation/low CO 2 scenario, to an increase of c. 150% in production for the high 16 adaptation/high CO 2 scenario for England. Production increases substantially by the 17 2050s, to an optimum of 3.6 -3.7 Mt of OSR for England and 2.5 -2.6 Mt for Scotland. 18
These values represent clear benefits against the no adaptation scenario for both farmers 19 and UK agricultural production of oilseeds. Whilst these estimates are based on the 20 assumption that the area of OSR does not change, there may be pressures on land for 21 both food production and other uses, such as housing. Nevertheless, the improvements 22 in yield from adaptation ( Figure 2 ) could still provide a significant increase in 23 production from a reduced area of land. 24 
Economic benefits 5
The production estimates were converted into economic values to give an 6 indication of the contribution of OSR to UK GDP growth and the economic benefits of 7 adaptation scenarios. Present prices were adopted for these estimates as an average of 8
2002-2008 and then, to provide an indicator of present value, future values were 9 discounted using the HM Treasury recommended discount factor of 3.5% for 2020, and 10 3.0% by 2050 (Figure 3 ). For England, by the 2020s the difference between adaptation 11 and no-adaptation ranges from increases of £24.1 million for low adaptation strategies 12 to £100.2 million for high adaptation strategies. Even for Scotland, which already 13 benefits from climate change, there is also an increase in the economic value of OSR 14 through adaptation. The benefit for Scotland will range from £1.5 million for a low 15 adaptation strategy to £59 million for a high adaptation strategy. Accordingly, for 16 mainland UK high adaptation could bring a benefit of more than £150 million for the 17 UK economy. Thus, these returns from promoting a high adaptation strategy by the 18 2020s may substantially outweigh the costs of research and knowledge transfer needed 19 to implement this strategy. The process of discounting means that values in the future are worth less than 26 those in the present day. Consequently, the differences between adaption and no-27 adaptation strategies decrease in the 2050s scenarios, principally because of this 28 Furthermore, it shows that it is essential to adopt a quantitative, rather than just a 13 conceptual approach, so that the costs and benefits of short-term and long-term 14 autonomous and planned adaptation strategies can be properly assessed. that is expected to decrease in importance with climate change (Evans et al. 2010) . 5
Conversely, the introduction of shorter rotations as an adaptation response may increase 6 the severity of clubroot (Plasmodiophora brassiccae). Accordingly, this work could be 7 expanded to explore the interactions with other pests and diseases (e.g. Oerke, 2006) . 8 9 One possibility is that OSR production will move to the north of England and 10
Scotland. Butterworth et al. (2010) suggest that climate change will increase the yield 11 and profitability of oilseed rape cropping in Scotland, with the greatest increases 12 expected under the high carbon emissions scenario. This may strengthen the argument 13 for a rational response amongst farmers for adopting more substantial adaptation 14 strategies. The extent to which a move in production further northwards will occur will 15 be limited by, amongst other factors, land suitability and changing land-uses, and may 16 possibly result in some marginal land being brought into production. Indeed, some 17 effort needs to be directed towards projecting land use at an appropriately detailed scale 18 to help refine the estimates offered here (e.g. Rounsevell et al. 2003) . At present, the 19 implications of projected changes due to adaptation are uncertain and depend on many 20 factors including farmer behaviour, land-use policy and market conditions (Parry 2007) . 21 how uptake of best management practices can be improved. Nevertheless, the 22 adaptation strategies require funding from the public and private sectors on knowledge 23 exchange mechanisms to fully realise these gains. This paper provides a basis for 24 assessing the potential economic benefits of pursuing adaptation strategies and, hence, 25 adaptation strategy incurs smaller costs but still requires some government and industry 2 investment to provide information and promotion of best management practices. More 3 directed high adaptation strategies require increased funding for public and private 4 sector research and development. When combined with increased efforts to promote 5 adoption of these strategies, the cost-benefit ratio becomes much greater. However, it is 6 clear that adaptation to climate change in terms of disease control makes a cost-7 effective, essential contribution to improving food security. Figure 1 . Seasonal development of winter oilseed rape in the UK in relation to progress of phoma stem canker epidemics and short-term farmer-led adaptation strategies. Crops are sown in late summer (August/September) and emerge within 10 days when there is sufficient soil moisture. Stem extension occurs in late winter (February/March) and is followed by flowering in spring (April/May) with harvest in summer (July). Phoma stem canker epidemics are started by air-borne ascospores of Leptosphaeria maculans produced on diseased crop debris in autumn/winter (October -December) with phoma leaf spot developing 10-30 days after spore release (depending on temperature). L. maculans grows along leaf petioles to reach the stem where early cankers may be seen in spring (April/May); these may become severe by harvest and cause considerable yield loss. Farmer-led shortterm adaptation strategies include choice of rotation (e.g. increasing interval between successive oilseed rape crops), choice of cultivar (e.g. selection of cultivars with greater resistance to L. maculans) and choice of sowing date (e.g. early sowing favours disease) before the start of the growing season. In autumn, farmers can decide on fungicide, fungicide timing and frequency (to maximise control of phoma stem canker). External advice is available from agronomists, the HGCA recommended lists (resistance rating), forecasting schemes (e.g. www.rothamsted.bbsrc.ac.uk/ppi/phoma/) and agrochemical company representatives. 
